Programmed death-1 (PD-1), upon engagement by its ligands, programmed death ligand-1 (PD-L1) and programmed death ligand-2 (PD-L2), provides signals that attenuate adaptive immune responses. Here we describe the identification of the Pekin duck PD-L2 (duPD-L2) and its gene structure. The duPD-L2 cDNA encodes a 321 amino acid protein that has an amino acid identity of 76% and 35% with chicken and human PD-L2, respectively. Mapping of the duPD-L2 cDNA with duck genomic sequences revealed an exonic structure similar to that of the human Pdcd1lg2 gene. Homology modelling of the duPD-L2 protein was compatible with the murine PD-L2 ectodomain structure. Residues known to be important for PD-1 receptor binding of murine PD-L2 were mostly conserved in duPD-L2 within sheets A and G and partially conserved within sheets C and F. DuPD-L2 mRNA was constitutively expressed in all tissues examined with highest expression levels in lung, spleen, cloaca, bursa, cecal tonsil, duodenum and very low levels of expression in muscle, kidney and brain. Lipopolysaccharide treatment of adherent duck PBMC upregulated duPD-L2 mRNA expression. Our work shows evolutionary conservation of the PD-L2 ectodomain structure and residues important for PD-1 binding in vertebrates including fish. The information provided will be useful for further investigation of the role of duPD-L2 in the regulation of duck adaptive immunity and exploration of PD-1-targeted immunotherapies in the duck hepatitis B infection model.
Introduction
The inhibitory receptor programmed death-1 (PD-1, CD279) [1] and its ligands programmed death ligand-1 (PD-L1, B7-H1, CD274) [2] and programmed death ligand-2 (PD-L2, B7-DC, CD273) [3] play a key role in the attenuation of adaptive immune responses and peripheral tolerance. The B7 family members PD-L1 and PD-L2 are currently the only known ligands for PD-1. However, PD-L1 can also engage B7-1 (CD80) [4] and PD-L2 has recently been shown to interact with repulsive guidance molecule B (RGMb), thereby regulating respiratory T cell immunity [5] beyond the currently known co-inhibitory pathways of the B7: CD28 family [6] .
The two PD-1 ligands are immunoglobulin superfamily (IgSF) members that contain tandem IgV-and IgC-like IgSF domains and a cytoplasmic tail of unknown function. PD-L2 is encoded by the Pdcd1lg2 gene on human chromosome 9 in close proximity to the Pdcd1lg1 gene that encodes PD-L1 [7] . The human Pdcd1lg2 gene is comprised of seven exons and six introns, whereas the murine Pdcd1lg2 gene is comprised of 6 exons and 5 introns and its exon 5 contains a stop codon that results in a truncated cytoplasmic domain of 5 aa. The crystal structures have been determined for the complexes formed by the ectodomains of murine PD-L2 (mPD-L2) and murine PD-1 (mPD-1) [8] , human PD-L1 (hPD-L1) and mPD-1 [9] , and those of hPD-1 and hPD-L1 [10] .
PD-L1 is constitutively and inducibly expressed in a wide range of hematopoetic and non-hematopoetic cells, whereas PD-L2 expression was initially thought to be more restricted and mainly found on antigen presenting cells, such as activated dendritic cells (DCs) and macrophages, and murine B1 B cells [11] . Additionally, PD-L2 has been shown to be expressed on various other human cells including endothelial cells, epithelial cells, fibroblasts and T cells; and PD-L2 is inducibly expressed on monocytes and macrophages by T-helper cytokines, common γ-chain cytokines, GM-CSF and TLR ligands, and upon T-cell activation [12] .
Inhibitory signaling through PD-1 is recognized for its important role in T cell exhaustion in persistent viral infections and tumor immunity [13] . Recently, therapeutic targeting of the PD-1: PD-L1 pathway has led to breakthroughs in the treatment of cancer [14] . To date, three humanized monoclonal antibodies (Mabs), nivolumab and pembrolizumab targeting PD-1 and atezolizumab targeting PD-L1, have obtained FDA approval. Nivolumab has been explored as a treatment for chronic hepatitis C [15] . Albeit in this small pilot study antiviral effects were highly variable, further development of therapeutic targeting of co-stimulatory pathways is of interest for chronic viral infections for which the induction of a functional cure or a sustained viral clearance remain an unattained treatment goal. Blockade of PD-1 has been shown to reverse the exhausted T cell phenotype in patients with chronic hepatitis B in in vitro studies [16] ; and to enhance viral clearance in woodchucks chronically infected with the woodchuck hepatitis B virus [17] .
Ducks infected with duck hepatitis B virus (DHBV) serve as a valuable natural disease model for hepatitis B infection amenable for the exploration of novel therapies for chronic hepatitis B [18, 19] . In spite of the recent sequencing of the duck genome [20] , studies on viral immunopathogenesis remain hampered by a limited repertoire of characterized immune genes and reagents available to study duck immune responses. Here we describe the cloning, sequence analyses and 3D modelling of the Pekin duck PD-L2 (duPD-L2). Furthermore, we analyze duPD-L2 mRNA expression in tissue and in lipopolysaccharide (LPS)-treated adherent and non-adherent peripheral blood mononuclear cells (PBMC). The identification of duPD-L2 will facilitate further work on the role of PD-1 signaling in the regulation of duck adaptive immunity relevant to studies on animal and human health.
Materials and methods

Animals, tissues and cell cultures
Pekin ducks (Anas platyrhynchos) were from a flock maintained at the University of Alberta. Animals were housed, maintained and handled according to the guidelines of the Health Sciences Laboratory Animal Services (HSLAS), University of Alberta. Tissues from twomonth-old Pekin ducks were resected at necropsy, snap-frozen in liquid nitrogen and stored at −70°C. PBMC from healthy ducks were isolated by using Ficoll-Hypaque (GE Healthcare, Baie d′Urfe, Quebec, Canada) and centrifugation, suspended in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin, streptomycin and sodium bicarbonate and cultured at 37°C with 5% CO 2 in air. Adherent cells were generated from PBMC cultured in 6-well plates for 6 h, that were then washed three times with PBS and adherent cells were then cultured for 18 h with or without LPS (final concentration 5 µg/ml; Sigma, Oakville, Ontario, Canada) and then harvested in Trizol (Invitrogen, Burlington, Ontario, Canada). Scrapings of frozen tissues were placed directly in Trizol and homogenized with a micropestle before RNA isolation [21] . Total RNA was isolated from tissues and PBMC using Trizol reagent according to the manufacturer's protocol. 
Identification and cloning of the duck PD-L2 cDNA and genomic sequences
A partial coding sequence of duPD-L2 (Beijing Genomic Institute (BGI) accession no., ENSAPL00000004103) lacking 5′ terminal and 3′ terminal sequence was found by blastP using human PD-L2 (GenBank ID: NP_079515) within the BGI duck genomic database (http://uswest. ensembl.org/Anas_platyrhynchos/Tools/Blast?db=core). The nucleotide sequence at the 5′ and 3′ ends of the duPD-L2 ORF and untranslated regions were obtained by RACE using commercially available kits from Invitrogen and RT-PCR. Total RNA from duck lung was used as source material. First-strand cDNA synthesis was performed using 1 µg of RNA, Super Script II reverse transcriptase (Invitrogen) and primer R1 ( Table 1) followed by polymerase chain reaction using Taq polymerase (Invitrogen), according to the manufacturer's protocols. Two internal 5′ RACE primers R2 and R3 (Table 1) were used for 1st and 2nd round PCR to amplify duPD-L2 in a reaction containing 0.1 µg of cDNA and PCR buffer (Invitrogen) containing 1.5 mM MgCl 2 and 0.2 mM dNTP. Primers F1 and F2 were used for 3′RACE. PCR parameters were as follows: Initial denaturation at 94°C for 3 min followed by 35 cycles at 94°C for 30 s, annealing at 58°C for 30 s and extension at 72°C for 1 min, and at the end of the thermal cycling, reactions were incubated at 72°C for 5 min. Following agarose electrophoresis (1%), amplicons were isolated using a gel extraction kit (Qiagen Inc., Mississauga, Ontario) and cloned into the plasmid pCR4-TOPO (Invitrogen) according to the manufacturer's protocol. Clones bearing inserts were sequenced, and BLAST comparison identified clones having an ORF showing amino acid homology with the human PD-L2. The duPD-L2 ORF was amplified by FF and FR (Table 1) . Amplicons were cloned into pCR4-TOPO and three additional clones were sequenced to derive the consensus sequence for duPD-L2 (GenBank ID: KU674826).
Design of primer and probes for quantitative real-time PCR (qRT-PCR)
The design of primers and probes (Table 2 ) was carried out using Primer Express 3.0 Software (Applied Biosystems). The primer set (qF-PDL2, qR-PDL2) amplifies a 86-base pair fragment of duPD-L2. The probe of duPD-L2 (qF-PDL2) was designed to anneal across the exon 2 / exon 3 junction. The primer set (qF2-GAPDH, qR2-GAPDH) used for amplification of duck glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA, labeling of probes and PCR conditions were identical as previously described [22, 23] . Cycle threshold (Ct) values were calculated with sequence-detection system software v2.3 (Applied Biosystems). The data was normalized using GAPDH as an internal standard and expressed as expressed as 2 -ΔCt where ΔCt = (Ct gene of interest -Ct GAPDH).
Bioinformatic analysis
Sequences were aligned using ClustalW. The phylogenetic tree was generated with MEGA 4 using the neighbor joining (NJ) method [24] . The branches were validated by bootstrap analysis from 500 repetitions, which are represented by numbers at the branch nodes. The transmembrane domain predicted is based on protein hydrophobicity analysis using the statistical analysis of TM base, a database of naturally occurring transmembrane proteins at http://www.ch.embnet.org/ software/TMPRED_form.html. The chicken genomic sequence (GenBank ID: NC_006127.3) and duck genomic sequence (http://www. ensembl.org/Multi/blastview) were used to determine genomic organization by Splign available at http://www.ncbi.nlm.nih.gov/sutils/ splign/splign.cgi. Signal peptides were predicted by SignalP3.0 at http://www.cbs.dtu.dk/services/SignalP/.
Modelling of the duck PD-L2 extracellular domain structure
As a suitable template for the duPD-L2 extracellular domain structure, mPD-L2 (PDB: 3BP5) was identified by a BLAST search as implemented in the SWISS-MODEL protein-modelling server and the automatic sequence alignment obtained was used for homology modelling [25] . Model pictures were obtained using the PyMOL program (http:// www.pymol.sourceforge.net/index.html). 
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Results
Identification of the duck PD-L2 cDNAs and mapping of the duck PD-L2 gene
A partial coding sequence of duck PD-L2 (duPD-L2) lacking 5′ and 3′ terminal sequence was identified within the BGI duck genomic database and the sequences of full-length duPD-L2 and untranslated regions were determined by RACE. The duPD-L2 cDNA encodes a 321-amino acid protein that is predicted to have an N-terminal signal peptide of 19 amino acids. The duPD-L2 protein has an amino acid identity of 76% with chicken PD-L2, whereas the amino acid identities with mammalian PD-L2 proteins decreased to approximately 35%. The duck, human and mouse PD-L2 and PD-L1 proteins share an amino acid identity of 45%, 39%, 36% with each other, respectively. A phylogenetic tree constructed from the amino acid sequences of predicted PD-L2 proteins extracted from GenBank is shown in Fig. 1 . Avian PD-L2 proteins comprise a grouping close to reptile, while distinct from those of mammalian species, frog and fish.
The sequence identity between the identified duPD-L2 cDNA and genomic sequences submitted to GenBank (Gene ID: 101798906) was 99%. The duck, chicken and human PD-L2 genes have a similar sevenexon-six intron structure with a non-coding exon 1 (Fig. 2) The coding sizes of the respective exons two, four, five and six of the duck, chicken and human PD-L2 genes are very similar, whereas the number of amino acids encoded by the respective exons three and seven of the avian PD-L2 genes is higher compared to those of the human PD-L2 gene. The human PD-L2 gene spans 60 kb, while the duck and chicken PD-L2 genes span only 12 kb and 13 kb, respectively (Fig. 2) .
Comparative amino acid sequence analysis
A comparison of the amino acid sequence of duck PD-L2 with those reported for mammalian and other non-mammalian vertebrates is illustrated in Fig. 3 .A. Residues predicted to be important for the ectdomain structure of mPD-L2 based on the crystal structure of the complex formed by the ectodomains of mPD-L2 and mPD-1 [8] were highly conserved. This includes cystines C42-C102 sheet A and 111DYK113 mPD-L2 within sheet G were highly conserved, whereas residues Q60 mPD-L2 within sheet C, L103 mPD-L2 within sheet F and Y114 mPD-L2 within sheet G were conserved in duck and chicken PD-L2 proteins but not in those of frog and fish (Fig. 3A) .
3 D modelling of the duck PD-L2 extracellular domain structure
The duPD-L2 extracellular domain structure as predicted by homology modelling using mPD-L2 (PDB: 3BP5) as a template (Fig. 3B ) is largely compatible with the structure of mPD-L2 [8] . However, the Amino acids conserved among all species are indicated by: (*) identical, (:) highly conserved, (.) weakly conserved. Predicted secretory signal peptides are in grey shadow. β-sheets are shadowed green and transmembrane domains are shadowed yellow. Cysteine residues shown to form intramolecular disulfide bridges in mPD-L2 are indicated by triangles in the same color. PD-L2 contact residues based on the crystal structure of the complex formed by the ectodomains of mPD-L2 and mPD-1 (PDB: 3BP5) are highlighted in red. (B) 3D homology modelling of the duck PD-L2 ectodomain based on the structure of mPD-L2. (C) Spatial position of residues within sheets A, C, F and G. Contact residues indicated above that are conserved in duPD-L2 are in magenta and non-conserved residues are in yellow. Amino acid residues are numbered starting from the first methionine residue. duPD-L2 model obtained lacks a β sheet C′ in the IgV-like domain and predicts a loop between β sheets C and D that contains an additional 20 amino acids compared to mammalian PD-L2 homologues, and predicts a shortened β sheet A within the IgC-like domain (Fig. 3B) . The positions of conserved and non-conserved binding residues are shown in Fig. 3C. 
Duck PD-L2 mRNA expression in tissues and PBMC
Tissue distribution of duPD-L2 mRNA was analysed by real-time PCR in two two-months-old ducks (Fig. 4A ). Transcripts were most abundant in immune-cell-rich tissues such as spleen and bursa, cecal tonsil, cloaca and lung, while very low expression levels were found in kidney, muscle and brain. In freshly isolated duck PBMC and in adherent, monocyte-enriched, PBMC duPD-L2 mRNAs was readily detected whereas induction of duPD-L2 transcript expression by LPS was only observed in adherent PBMC up to 7-8 fold by 18 h (Fig. 4C,B) .
Discussion
Engagement of coinhibitory receptors of the CD28 family, such as cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and PD-1 by B7 family members provides signals that are crucial for the establishment of peripheral tolerance and attenuation of adaptive immunity against pathogens and tumors. This is the first report on the cloning of duck PD-L2 and comparative sequence analysis with mammalian and nonmammalian PD-L2 proteins. The duck PD-L2 gene shares a similar exonic structure with the chicken and human PD-L2 genes, but the avian PD-L2 genes are more compact. The predicted duPD-L2 protein has an amino acid identity of 76%, 35% and 34% with chicken, human and mouse PD-L2, whereas the amino acid identities shared between PD-L2 and PD-L1 of the human, mouse and duck proteins are 45%, 39% and 36%, respectively.
Despite this low amino acid identity, residues predicted to be critical for the maintenance of the ectodomain structure and PD-1 receptor binding are evolutionary conserved [8] . Cysteines shown to form disulfide bonds within the IgV-and IgC-like domains of mPD-L2 are retained in all PD-L2 proteins examined; and these cysteines are also retained in PD-L1 [2, 23, 26] . The N-terminal contact residues 20LF21 mPD-L2 within sheet A and residues 111DYK113 mPD-L2 within sheet G are highly conserved. Two of these, D111 mPD-L2 and K113 mPD-
L2
, have previously been shown to be critical for binding of mPD-L2 to mPD-1 based on relative affinities of alanine substitution mutants [8, 27] . Furthermore, most of these highly conserved binding residues are also retained in PD-L1 (F21 mPD-L1 , D111 mPD-L1 , Y112 mPD-L1 and K113 mPD-L1 ) [9, 23, 27] . Hence, the majority of important contact residues are centered on the binding pocket formed by sheet G and the Nterminus and are evolutionary conserved in both PD-1 ligands. 
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The cytoplasmic domains of duPD-L2 and non-mammalian PD-L2 proteins are longer than those of most mammalian PD-L2 homologues but do not contain a recognized signaling domain. Messal and colleagues found that when PD-L2 on isolated human T cells was ligated with anti-PD-L2 antibody, T-cell proliferation and production of IL-2, IL-10 and IFNγ was decreased [28] , and therefore raised the question whether this effect might be mediated by its cytoplasmic domain through a putative class I PDZ motif. However, the identified carboxy-terminal motif appears not evolutionary conserved beyond primates and there is no report on the effect of deletion or substitution mutants in support of a loss or gain of function. Hence, its functional role remains to be elucidated.
We observed abundant expression of duPD-L2 mRNA in spleen and lung and other immune-cell-rich tissues, while low expression levels were found in kidney, liver, muscle and brain. This is similar to initial work by Latchman and colleagues that showed PD-L2 transcript expression in several human tissues including spleen lymph nodes, pancreas, liver, lung and heart based on northern blot analysis, albeit expression of PD-L2 transcripts in murine tissues was exceedingly low [3] . However, using real time PCR the PD-L2 expression pattern in murine tissues [29] was similar to that previously described for human tissues [3] and observed in this report. It will be of interest to examine the level of PD-L2 protein expression in duck tissues as PD-L2 protein expression is much lower in murine compared to human tissues suggestive of differences in the immune-homeostatic roles of PD-L2 in tissues of different species [30] .
In freshly isolated duck PBMC and adherent PBMC low levels of duPD-L2 transcripts were readily detected. However, induction of duPD-L2 expression by LPS was only observed in adherent PBMC suggesting a TLR-mediated up-regulation of PD-L2 mRNA expression in duck PBMC enriched for monocytes/macrophages. In contrast mitogen activation of freshly isolated duck PBMC that constitute mainly lymphocytes [18] did not induce duPD-L2 expression (data not shown). In future studies it will be of interest to study duPD-L2 expression in response to other TLR-ligands and viral infections.
This analysis of a non-mammalian PD-L2 protein demonstrates considerable evolutionary conservation of the ectodomain structure and residues implicated in PD-1 receptor binding in mammalian and non-mammalian vertebrates including fish; and the mRNA expression pattern found for duPD-L2 is similar to that observed in mammalian counterparts. The work will permit the development of tools required to further study its role in the regulation of duck adaptive immunity, mediated through PD-1 or other putative receptors, such as RGMb. Of particular interest will be to reveal the role of PD-1 and other co-inhibitory signaling pathways, such as CTLA-4, in chronic DHBV infections, and to explore their potential for therapeutic targeting as the development of novel therapies that aim at a functional cure for chronic hepatitis B remains a priority. 
